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了 139个铁还原培养物，它们均能将培养基中 FeOOH (Fe3+ 90 mmol/L)转化为矿化产物。电镜下可见明
显的晶体形态，以立方体形晶体为主，边长为 5.0–20.0 nm；EDS分析表明，所有矿物晶体的主要元素
为铁和氧，推测是由菱铁矿和磁铁矿组成的混合矿物。矿物晶体形成的时间差异较大，从 3 d 到 54 d
























































1  材料和方法 
1.1  多金属硫化物样品采集 






存于 4 °C冰箱。 
1.2  培养基的配方及配制方法 
采用了 Fe-Ac 培养基[6]和 Fe-Gly 培养基，其
电子供体分别为乙酸和甘油，电子受体均为
FeOOH。所采用的 FeOOH为 FeCl3经 NaOH滴定
至 pH 9.0获得，滴定形成的胶体被超纯水洗涤后，
配成 450 mmol/L (以 FeCl3计)水悬液置于常温备
用。Fe-Gly 培养基是在 Fe-Ac 培养基的基础上改
造，将其中的乙酸替换为甘油(3.00 mL/L)。 
1.3  分离培养与保藏 
在厌氧培养箱中，取 1–2 g样品分别加于 50 mL 












图 1.  德音 1号热液区位置图[1]  
Figure 1.  Location diagram of the Deyin-1 hydrothermal field [1]. 
 
表 1.  SMAR德音热液区硫化物样品信息 
Table 1.  Sample information of polymetallic sulfides 
from SMAR 
Station name Longitude/W Latitude/S Depth/m
DY22Ⅳ-S003-TVG03 13.3564° 15.1656° 2875 










的培养物提高到 10%。第 1次转接 Fe-Ac培养物
25 d，Fe-Gly培养物 22 d；第 2次转接时间 Fe-Ac
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1.4  培养物中细菌、古菌多样性的初步鉴定 
采用 PowerSoil®试剂盒(美国 MO BIO公司，
Cat# 12888-50)提取铁还原培养物的 DNA。分别用









1.5  培养物中 Fe2+的含量分析 
采用菲洛嗪(Ferrozine)法 [13]测定受试样品中
的二价铁含量。该方法以Ferrozine-HEPES溶液(配




取 0.1 mL受试溶液，加入到 5.0 mL盐酸溶液中，
振荡混匀后静置 20 min，取上清液 0.1 mL加入到
5.0 mL菲洛嗪溶液中，振荡 15 s，静置 30 min，
显色完全后测定其 OD562。根据标准溶液制作的标
准曲线，测算受试溶液中 Fe2+浓度。 





用纯氮置换管中气相后于 4 °C备用。 
1.6  矿化产物分析 
1.6.1  SEM 和 EDS 分析：取铁还原培养物
4000 r/min (1717g)离心 10 min，收集沉淀存 4 °C
备用。制备电镜样品时取少量沉淀分散到无菌水




ZEISS公司 SIGMA 500型 SEM观察。 




分散到 200 μL乙醇溶液(75%，V/V)，超声 2次使
之均质化，吸取 20 μL 左右稀释的样品悬液，在
封口膜/保鲜膜上形成一个水滴。取铜网使其正面
朝向悬液液滴，吸附片刻(约 10 s)后取出备用。采




2  结果和分析 
2.1  分离培养与观察 







完全还原(变成深黑色)所需的最短时间从 3 d 到
54 d不等，主要集中在 11–20 d [占 44%，(61/139)，
表 2]。 
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表 2.  不同培养物形成矿化产物所需的最短时间 
Table 2.  Minimum time required for different 
cultures to form mineralized products 
Minimum time/d 1 2 3 4 5 6 
≤10 11 4 7 10 0 10 
11–20 41 22 19 20 1 19 
21–30 6 4 2 9 8 1 
31–40 15 10 5 1 1 0 
41–50 19 14 5 0 0 0 
51–54 0 0 0 7 7 0 
≥55 0 0 0 0 0 0 
Total 92 54 38 47 17 30 
1: Sum of total cultures from DY22Ⅳ-S003-TVG03; 2: Sum of 
Fe-Ac cultures from DY22Ⅳ-S003-TVG03; 3: Sum of Fe-Gly 
cultures from DY22Ⅳ-S003-TVG03; 4: Sum of total cultures 
from DY22Ⅳ-S008-TVG06; 5: Sum of Fe-Ac cultures from 






的培养物共有 13 个(表 3)。多数培养物在转接若 
 
表 3.  转接次数超过 10次的铁还原培养物 









224T3A12-1 11 11 11 
224T3A13-3 14 36 10 
224T3A14-1 16 21 10 
224T3A14-2 17 58 10 
224T3A14-3 10 14 11 
224T3A2-1 20 21 11 
224T3A4-2 9 34 10 
224T3A5 4 4 14 
224T3GL2 4 4 12 
224T3GL4-2 7 7,56 12 
224T6GL2-2B 5 5,6,7,8,28,51 14 
224T6GL2-2BP 5 5,9 14 
224T6GL4-2 5 25 10 
干次后则不能继续传代，这可能由于培养条件与
原位的差异造成的。 
2.2  DIRM培养物的微生物组成分析 
对能够长期培养的铁还原培养物中的微生物
多样性开展了初步鉴定。由于富集物 DNA提取困
难，仅完成 4个富集物的 16S rRNA基因测序分析
的培养物。扩增获得细菌 PCR 产物长 1500 bp，
古菌 PCR 产物长 939 bp。经与 EzBioCloud 数据
库[12]序列比对，发现 224T3A5中包含细菌和古菌
两种微生物，细菌与梭菌纲 XVI 类群的
Carboxydocella manganica SLM 61T (NCBI No. 
GU584133) 相似性为 89.95%，古菌与 Geoglobus 
acetivorans SBH6T (NCBI No. CP009552)相似性为
99.57%；224T3GL2 与模式菌株 Carboxydocella 
manganica SLM 61T (NCBI No. GU584133)相似性
为 90.74%；224T3GL4-2 与模式菌株梭菌纲消化
球 菌 科 的 Desulfotomaculum thermocisternum 
ST90T (NCBI No. U33455) 相似性为 89.01%；
224T6GL2-2 与模式菌株 Anoxybacter fermentans 
DY22613T (NCBI No. KC794015) 相 似 性 为
99.52% (表 4)。以上培养物中，224T3GL2的多项
分类鉴定工作正在开展。 
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表 4.  基于 16S rRNA基因相似度的铁还原培养物微生物多样性分析 
Table 4.  Microbial diversity analysis of iron reduction cultures based on 16S rRNA gene similarity 
Culture No. Sequence No. Most related type strains NCBI No. Similarity/% 
224T3A5 224T3A5 Carboxydocella manganica SLM 61T GU584133 89.95 
224T3A5 224T3A5(A) Geoglobus acetivorans SBH6T CP009552 99.57 
224T3GL2 224T3GL2 Carboxydocella manganica SLM 61T GU584133 90.74 
224T3GL4-2 224T3GL4-2 Desulfotomaculum thermocisternum ST90T U33455 89.01 
224T6GL2-2 224T6GL2-2B Anoxybacter fermentans DY22613T KC794015 99.52 
 
表 5.  各 DIRM培养物中 Fe2+含量分析 
Table 5.  Fe2+ content analysis in DIRM cultures 
Sample No. 1 2 3 4 5 6 7 
Fe-Ac Control (Blank medium) 198.56 0 0.17 0 23.83 1.58 0.07 
Fe-Gly Control (Blank medium) 386.05 0 0.20 0 46.33 1.73 0.04 
224T3A5 1043.28 2.94 0.17 0 93.90 1.62 0.02 
224T6A6 964.62 3.45 0.20 0.19 106.11 2.17 0.02 
224T6AL 618.30 1.34 0.74 3.51 55.65 7.96 0.14 
224T3GL2 1468.25 4.62 1.74 7.82 132.14 18.79 0.14 
224T3GL4-2 932.52 2.97 0.26 0.33 93.25 2.83 0.03 
224T6GL7-3 1620.03 5.20 1.61 7.17 145.80 17.71 0.12 
1: Fe2+ content in precipitate (mmol/kg); 2: Increasing multiple of Fe2+ content in precipitation; 3: Fe2+ content in supernatant 
(mmol/L); 4: Increasing multiple of Fe2+ content in supernatant; 5: Total Fe2+ in precipitate (μmol); 6: Total Fe2+ in supernatant (μmol); 
7: Ratio of total Fe2+ in supernatant and precipitation. 
 
2.4  DIRM培养物矿化产物的分析 
8个受试样品中，2个分别是 Fe-Ac空白培养
基和 Fe-Gly 空白培养基，3 个 Fe-Ac 系列矿化产
物分别来自富集物 224T3A5、 224T6A6 和


















所不同(图 2，D1–D2)。各矿化产物简要情况见表 6。 







长 12.8–15.0 nm)(图 3，D1–D2)。各矿化产物简要
描述见表 7。 






图 2.  Fe-Ac系列矿化产物的透射电镜、选区电子衍射和能谱仪分析 
Figure 2.  TEM, SAED and EDS analysis of Fe-Ac series mineralized products. A1: TEM CK of Fe-Ac samples, 
blank medium; A2: SAED CK of Fe-Ac samples, blank medium; A3: EDS CK of Fe-Ac samples, blank medium; 
B1: TEM of 224T3A5; B2: SAED of 224T3A5; B3: EDS of 224T3A5; C1: TEM of 224T6A6; C2: SAED of 









14.7–33.0 nm) (图 3)。可见，矿化产物在颗粒形状、
晶面间距和电子衍射图案等特征方面，与对照显
著不同。这表明 FeOOH经过微生物作用后确实生











图 3.  Fe-Gly系列矿化产物的透射电镜、选区电子衍射和能谱仪分析 
Figure 3.  TEM, SAED and EDS analysis of Fe-Gly series mineralized products. A1: TEM CK of Fe-Gly samples, 
blank medium; A2: SAED CK of Fe-Gly samples, blank medium; A3: EDS CK of Fe-Gly samples, blank medium; 
B1: TEM of 224T3GL2; B2: SAED of 224T3GL2; B3: EDS of 224T3GL2; C1: TEM of 224T3GL4-2; C2: SAED 
of 224T3GL4-2; C3: EDS of 224T3GL4-2; D1: TEM of 224T6GL7-3; D2: SAED of 224T6GL7-3; D3: EDS of 
224T6GL7-3. 
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表 6.  各 Fe-Ac培养基富集物的矿化产物晶体参数统计 
Table 6.  Crystal parameters of mineralized products from cultures of Fe-Ac 
Sample No. 1 2 3  4 5 6 7 
Control  / + 0.54 Fusiform Diameter 3.0–4.0, 0.31 Parallel to the long axis 
Length 10.0–18.0 
224T3A5 4 +++ 0.53 Fusiform Diameter 3.5–4.0, Dim Always parallel to the long axis 
Length 12.5–26.0 
Cubical, a few Side Length 8.75 0.25 At an angle of 45° to the side 
224T6A6 14 ++++ 1.39 Cubical Side Length 17.5–20.0 0.25–0.29 Parallel to or at an angle of 45° to the side
Rod, occasionally Diameter 2.5–5.0, Not observed Not observed 
Length 37.5–100.0 
224T6AL 39 ++++ 0.59 Cubical analogy Side Length 5.0–7.0 0.25–0.36 Parallel to or at an angle of 45° or about 80°
Rod, a few Diameter 2.5–5.3 Not observed Not observed 
Length 20.0–225.0 
1: Time required for mineral formation (d); 2: Crystallinity; 3: Fe/O ratio; 4: Shapes of crystal particles; 5: Diameter/Length/Side 
Length of crystal particles (nm); 6: Interplanar spacing (nm); 7: Direction of lattice fringes. 
 
 
表 7.  各 Fe-Gly培养基富集物的矿化产物晶体参数统计 
Table 7.  Crystal parameters of mineralized products from cultures of Fe-Gly 
Sample No. 1 2 3 4 5 6 7 
Control / + 0.56 Fusiform Diameter 3.5–5.1, 0.75 Parallel to the long axis 
Length 12.0–35.0 
224T3GL2 4 +++ 0.57 Cubical Side length 7.5–45.0 0.21–0.50 Parallel to or at an angle of 45° to the side
Rod, a few Diameter 3.0–6.0, Not observed Not observed 
Length 17.0–45.0 
224T3GL4-2 7 +++ 0.57 Cubical Side length 6.0–23.0 0.25–0.50 Parallel to or at an angle of 45° to the side
Spherical, a few Diameter 10.0–23.8 0.26–0.31 / 
Rod, occasionally Diameter 5.0, Not observed Not observed 
Length 50.0 
224T6GL7-3 5 +++ 0.63 Cubical Side length 12.8–15.0 0.25–0.50 Parallel to or at an angle of 80° to the side
Rod, occasionally Diameter 4.0, Not observed Not observed 
Length 20.0 
1: Time required for mineral formation (d); 2: Crystallinity; 3: Fe/O ratio; 4: Shapes of crystal particles; 5: Diameter/Length/Side 
Length of crystal particles (nm); 6: Interplanar spacing (nm); 7: Direction of lattice fringes. 
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Dissimilatory iron reducing microorganisms in South 
Mid-Atlantic Ridge hydrothermal fields and their mineralized 
products 
Guangyu Li1,2,3, Xiang Zeng2,3, Zongze Shao2,3* 
1 School of Life Sciences, Xiamen University, Xiamen 361102, Fujian Province, China 
2 Third Institute of Oceanography, State Oceanic Administration, Xiamen 361005, Fujian Province, China 
3 Key Laboratory of Marine Biogenetic Resources, State Oceanic Administration, Xiamen 361005, Fujian Province, China 
Abstract: [Objective] To obtain the dissimilatory iron reducing microorganisms (DIRM) from deep sea 
hydrothermal fields, analyze their mineralization ability and mineralization products, to further understand their 
role in iron biogeochemical cycle. [Methods] We enriched and cultivated DIRM from polymetallic sulfides of 
South Mid-Atlantic Ridge hydrothermal fields with FeOOH as an electron acceptor, and acetic acid etc. as electron 
donor under the constant 60 °C temperature anaerobic condition. The morphology observation and elemental 
composition analysis on mineralized products were carried out by scanning electron microscope, transmission 
electron microscope, selected area electron diffraction and Energy Dispersive Spectrometer. [Results] We obtained 
a total of 139 iron reducing microbial cultures from 2 polymetallic sulfides. All of them could transform FeOOH 
(Fe3+ 90 mmol/L) into mineralized iron products with obvious crystal structure, mainly in cubic shape with side 
length ranged from 5.0 nm to 20.0 nm. According to Energy Dispersive Spectrometer analysis, the elements of all 
mineral crystals were iron and oxygen, presumably a mixed mineral composed crystal of siderite and magnetite. 
The time of formation of mineral crystals varies from 3 to 54 d, and most cultures can form crystals within 11 to 20 d. 
Microbial diversity indicated that the dominant microorganisms in the culture were mainly Firmicutes and 
Euryarchaeota, including Carboxydocella and Desulfotomaculum, a new species (16S rRNA Homology 89%–91%) 
and Geoglobus. [Conclusion] At 60 °C, bacteria and archaea in hydrothermal fields could transform ferric iron to 
mixed iron oxides mineral with the simple organic compounds as electron donor. These results supported the 
potential of microorganisms to participate in the biogeochemical cycle and mineralization. However, it requires 
extensive research work to verify their roles in situ. 
Keywords: South Mid-Atlantic Ridge, hydrothermal fields, polymetallic sulfides, dissimilatory iron reducing 
microorganisms, mineralized products 
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